Previously, we have shown that vascular smooth muscle cells (VSMCs) exhibit varied physiological responses when exposed to altered gravitational conditions. In the present study, we focused on elucidating whether the cell surface glycocalyx could be a potential gravity sensor. For this purpose, a roller culture apparatus was used with the intent to provide altered gravitational conditions to cultured rat aortic smooth muscle cells (RASMCs). Heparinase III (Hep.III) was applied to degrade cell surface heparan sulfate proteoglycans (HSPG) selectively. Sodium chlorate was used to suppress new synthesis of HSPG. Glycocalyx remodeling, nitric oxide synthase (NOS) activation, and F-actin expression induced by gravity alteration were assessed by flow cytometry, reverse transcription polymerase chain reaction (RT-PCR), and Western blot. Results indicate that the exposure of cultured RASMCs to altered gravitational conditions led to a reduction in cell surface HSPG content and the activation of NOS. It also down-regulated the expression of glypican-1, constitutive NOS (NOSI and NOSIII), and F-actin. On the other hand, Hep.III followed by sodium chlorate treatment of HSPG attenuated the aforementioned NOS and F-actin modulation under altered gravitational conditions. All these findings suggest that the glycocalyx, and HSPG in particular, may be an important sensor of gravitational changes. This may play an important role in the regulation of NOS activation, F-actin modulation, and HSPG remodeling in VSMCs.
Introduction
O rthostatic intolerance, the symptoms of which include increased heart rate, orthostatic hypotension, and frank syncope, may be one of the highest risks to astronaut safety, well-being, and overall agility on return to Earth (Nicogossian et al., 1996; Sides et al., 2005) . Unfortunately, after several decades of investigation, the underlying mechanisms still remain disputed. Multiple factors that include hypovolemia, cardiovascular structural changes, alterations in central integration, baroreceptor function, and neurohumoral regulation have been proposed to be involved ( Jin et al., 2003) . Microgravity-induced vascular structural and functional remodeling may be one of the key contributors to postspaceflight orthostatic intolerance (Zhang et al., 1997; Delp et al., 2000) .
Vascular smooth muscle cells (VSMCs) normally reside in the tunica media of the vessel wall and are essential for optimal cardiovascular system performance. Under physiological conditions, via contraction and relaxation, smooth muscle cells (SMCs) alter the lumen diameter to maintain normal blood pressure of the vasculature. SMCs also play an important role in vessel remodeling during pregnancy, exercise, and vascular injury (Owens et al., 2004; Rensen et al., 2007) . When pathological conditions are present, such as intimal hyperplasia, restenosis, and atherosclerosis, SMCs lose their ''contractile'' phenotype; increase their proliferation, migration, and extracellular matrix production (Beamish et al., 2010) ; and shift toward a ''synthetic'' phenotype. It has been well established that SMCs exhibit a remarkable capability to transform between ''contractile'' and ''synthetic'' phenotypes and a continuum of states in between (Halayko and Solway, 2001) . Moreover, the transformation can be modulated by mechanical factors like stretch and shear stress (Davies et al., 1988) . Recently, a study in our laboratory demonstrated that VSMCs can react to gravity alteration at the single cellular level. Long time-exposure ( ‡ 72 h) of SMCs to altered gravity conditions can induce a contractile phenotype tendency (Kang et al., 2013) . Nevertheless, it remains unclear how SMCs could sense the mechanical stimuli (gravitational vector alteration) and transform to biochemical responses.
The glycocalyx of vascular cells is a surface layer composed primarily of proteoglycan core proteins (syndecans, glypicans, and perlecans), with their associated glycosaminoglycans (GAGs), which include heparan sulfate (HS), chondroitin sulfate, and hyaluronic acid, and glycoproteins bearing acidic oligosaccharides with terminal sialic acids (Pahakis et al., 2007) . On the SMC surface, about 50-60% of the GAGs are chondroitin sulfate, and the rest are predominantly HS (Nilsson et al., 1983 ). An in vitro study by Ainslie et al. (2005) shows that HS and chondroitin sulfate components of the SMC glycocalyx play an important role in the mechanotransduction of shear stress to control SMC contraction. Kang et al. (2011) also demonstrated that the SMC glycocalyx might participate in mechanotransduction of shear stress to modulate cell proliferation, migration, and NO production. Recently, the SMC glycocalyx has been reported to play a dominant role in 3-D interstitial flow mechanosensing to modulate SMC phenotype gene expression (Shi et al., 2010) and motility (Shi et al., 2011) . Although the role of the glycocalyx in flow-induced mechanotransduction has been extensively studied, its potential gravity-sensing role has never been investigated.
It has been shown that the cytoplasmic domains of syndecans, the most common core protein of the glycocalyx, can associate with molecules, such as ezrin, dynamin-2, syntenin, syndesmos, and a-actinin, which link it to cytoskeletal elements (Tarbell and Pahakis, 2006) . Glypicans, the second most abundant proteoglycan core proteins, along with their HS chains, localize in caveolae (Tarbell and Pahakis, 2006) . Interestingly, both the cytoskeleton and caveolae constituents have been shown to be involved in mechanosensing after microgravity adaptation at the single cellular level (Ingber, 1999; Spisni et al., 2006) . Therefore, we postulated that the glycocalyx might be involved in gravity sensing due to its close association with the cytoskeleton and caveolae constituents.
In an attempt to elucidate whether the glycocalyx could be a potential gravity sensor, we used a roller culture apparatus with the intent to apply altered gravitational conditions to cultured rat aortic smooth muscle cells (RASMCs). Heparinase III (Hep.III) was applied to degrade cell surface HS selectively. Sodium chlorate was added to DMEM culture medium to suppress new synthesis of the glycocalyx. We evaluated possible responses of glycocalyx to the altered gravitational conditions including changes in its GAG content and core protein backbone expression. Particularly, we assessed the potential gravity-sensing role of the glycocalyx, its ability to adapt in response to gravitational changes, and its possible role in the regulation of RASMC nitric oxide synthase (NOS) activity and F-actin expression.
Materials and Methods

Antibodies and reagents
The primary antibody for heparin sulfate used in immunofluorescence and flow cytometry studies was HepSS-1 (US Biological, Swampscott, MA). The primary antibodies used for Western blotting were a polyclonal anti-NOSI (BD Transduction Laboratories, Lexington, KY), polyclonal anti-F-actin (Bioss, Beijing), monoclonal anti-NOSII (BD Transduction Laboratories, Lexington, KY), and monoclonal anti-GAPDH (Bioss, Beijing). Alexa Fluor 488-labeled secondary antibody (goat anti-mouse IgM) for immunofluorescence and flow cytometry was obtained from Molecular 
Cell culture and experimental setup
Rat aortic smooth muscle cells were isolated from the thoracic aortas of 200-250 g male Sprague-Dawley rats by collagenase digestion with the use of established techniques (Kang et al., 2011) . These cells were maintained in DMEM supplemented with 10% (v/v) FBS, 100 U/mL penicillin, and 100 lg/mL streptomycin, at 37°C in 5% CO 2 . The studies were performed with RASMCs between passages 6 and 10. To achieve altered gravitational conditions, a roller culture apparatus (Wheaton, NJ) in a temperature-controlled incubator (37°C, 5% CO 2 ) was employed. Flasks (12.5 cm 2 , Becton Dickinson, USA) seeded with RASMCs were filled completely with DMEM plus 10% FBS, capped, and fastened to the edge of the roller around the horizontal axis with a rotational radius of about 21 mm. The rotation speed was adjusted to 20 rpm so that time-averaged gravitational vector acting on these cellular assemblies at the outer radius is reduced to about 10 -2 g, which is regarded as microgravity conditions (Schwarz et al., 1992) . A 1g group was used as the control. These flasks were filled with the same DMEM complete medium and were cultured under stationary conditions.
Heparan sulfate depletion
Heparinase III was used to cleave HS on RASMC surface. The enzyme was used at a concentration of 0.2 U/mL in DMEM at 37°C for 30 min as previously described (Kang et al., 2011) . To suppress new synthesis of HS, 30 mM sodium chlorate was then added to DMEM complete culture medium as employed elsewhere (Humphries and Silbert, 1988) . Before the experiment, the negative effect of sodium chlorate on RASMC growth was tested. The efficiency of Hep.III and sodium chlorate treatment after 2-day culture was assessed by immunofluorescence staining as previously described (Kang et al., 2011) . Negative controls without HepSS-1 were stained under the same protocol. The fluorescence intensity was quantified by Image J (National Institutes of Health, Bethesda, MD).
Flow cytometry analysis of surface HSPG
Rat aortic smooth muscle cells cultured under 1g or altered gravitational conditions for 4 or 6 days were incubated in 0.04% EDTA for 30 min at room temperature. Then, cells were scratched from the bottom of the flask and fixed in 4% paraformaldehyde and 0.5% glutaraldehyde for 20 min. After filtering through 300-nylon mesh, cells were incubated with HepSS-1 (1:50) at 37°C for 15 min and washed in phosphatebuffered saline once. Afterward, 100 lL Alexa Fluor 488-labeled secondary antibody (1:50) was added to cells for another 15 min in the dark. After washing with phosphatebuffered saline three times at 5 min intervals, cells were analyzed by flow cytometry. The expression of HSPG was normalized to the 1g group by geometric mean fluorescence intensity. As negative controls, RASMCs were incubated without HepSS-1 but with all other conditions kept the same. (4 days) to 44.4 -2.05% (6 days). *P < 0.05 vs. 1g group on Day 4 (two-tailed t test, n = 3). MG, altered gravitational stimulation.
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Reverse transcription polymerase chain reaction (RT-PCR)
For RT-PCR experiments, the total RNA of RASMCs from each sample was isolated with TRNzol reagent according to the manufacturer's instructions. The amount of total RNA was quantified by a NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE). Thereafter, 2000 ng total RNA of each sample was reverse transcripted into cDNA with the RevertAid First Strand cDNA Synthesis Kit. The cDNA was amplified by using DreamTaq Green PCR Master Mix and gene-specific primer pairs (Table 1) . PCR conditions were as follows: 95°C for 2 min, followed by 30 cycles of denaturation (95°C, 30 s), annealing at indicated temperature for 30 s, and extension at 72°C for 45 s. PCR products were exposed to agarose gel electrophoresis and stained with ethidium bromide before being imaged with a Gel Image system (Tanon, Shanghai, China). The total gray value of each sample was evaluated by BandScan (Glyko Biomedical Limited, USA). Each experiment was repeated three to six times.
Nitric oxide synthase assay
Nitric oxide synthase activity was measured by the Nitric Oxide Synthase Assay Kit according to the manufacturer's instructions. Briefly, after exposure to 1g or altered gravitational conditions for 6, 12, or 24 h, cells from each flask were trypsinized and centrifuged at 800 rpm for 5 min. Then the cells were resuspended in 1 mL NOS assay buffer (1 · ) and transferred to a 96-well plate (100 lL per well). Cell density was evaluated by a hemocytometer. Thereafter, 100 lL NOS assay reaction solution (50% NOS assay buffer, 39.8% Milli-Q water, 5% L-arginine solution, 5% 0.1 mM NADPH, 0.2% DAF-FMDA) was added to each well and incubated for 1 h at 37°C. Three parallel wells were set for each experiment, and experiments were repeated at least three times. Fluorescence was measured with a Thermo Scientific Varioskan Flash (Thermo Scientific, Beverly, MA) at excitation of 495 nm and emission of 515 nm. NOS activity was expressed as the fluorescence intensity divided by the cell number. 
Western blotting
Rat aortic smooth muscle cells from each flask were lysed in 300 lL RIPA Lysis Buffer containing 1 mM phenylmethanesulfonyl fluoride at 4°C for 30 min and centrifuged at 14,000g for 10 min. Protein content in the supernatant was determined by an Enhanced BCA Protein Assay Kit according to the manufacturer's instructions. The protein samples (91 lg per lane) were then boiled for 5 min after mixing with 5 · SDS-PAGE loading buffer and separated in denaturing SDS/8.0% polyacrylamide gels. Thereafter, proteins were transferred to PVDF membranes (Millipore, Bedford, MA) and blocked for 90 min at room temperature with 5% nonfat dry milk in TBS-T. The membranes were incubated overnight at 4°C with primary antibodies against NOSI (diluted at 1:250), NOSII (diluted at 1:1000), F-actin (diluted at 1:200), and GAPDH (diluted at 1:500). After rinsing in TBS-T three times (10 min each), the membranes were incubated in ECL horseradish peroxidase-conjugated secondary antibodies (diluted at 1:5000) for 1.5 h at room temperature and washed three times (10 min each) in TBS-T. The proteins on PVDF membranes were then detected by using SuperSignal West Pico chemiluminescent substrate (Pierce, Rockford, IL) and the universal imaging hood 2 with the Quantity One software (Bio-Rad, Berkeley, CA). Each experiment was repeated at least three times.
Statistical analysis
Data are presented as means -standard error of the mean. Statistical analysis was performed by repeated measures analysis of variance and the Student t test (two groups). Differences between means were considered significant if P < 0.05.
Results
Altered gravitational stimulation reduces the geometric mean of HSPG and downregulates glypican-1 mRNA level significantly
As evident from Fig. 1 , the relative fluorescence geo mean of HSPG was dramatically reduced from 75.4 -5.17% (4 days) to 44.4 -2.05% (6 days) after exposure to altered gravitational conditions. To study the effect of altered gravitational stimulation on HSPG core protein expression, we semiquantified the mRNA levels of syndecan-1 and glypican-1 and found that the mRNA level of glypican-1 was significantly reduced when exposed to altered gravitational conditions (P < 0.05), while syndecan-1 mRNA level reduced without significant differences. We also tested the mRNA level of endogenous heparanase, an enzyme that specifically degrades HS. As demonstrated in Fig. 2 , 6-day altered gravitational stimulation significantly enhanced heparanase expression.
Heparinase III and sodium chlorate treatment remove HS from RASMC surface and inhibit new synthesis of HS
To verify the effectiveness of Hep.III and sodium chlorate treatment, both the control and the treated cells were cultured for 2 days, exposed to an antibody specific to HS, and then visualized by a fluorescently labeled secondary antibody. Figure 3 shows a representative immunostaining. As shown in Fig. 3 , the Hep.III and sodium chlorate treatment caused a nearly 50% (48.34 -5.70%) reduction in fluorescence intensity relative to the untreated control (Fig. 3B) .
Heparinase III and sodium chlorate treatment attenuate NOS activation induced by altered gravitational stimulation
We exposed RASMCs to 1g or altered gravitational conditions for 6, 12, and 24 h, then collected cells and measured the fluorescence of each reaction system. As indicated in Fig. 4 , without Hep.III and sodium chlorate treatment, NOS was significantly activated (P < 0.05) after 24 h altered gravitational stimulation, while this activation was attenuated when the glycocalyx was disrupted by Hep.III and sodium chlorate treatment.
Downregulation of constitutive NOS (NOSI and NOSIII) mRNA and protein levels by altered gravitational stimulation is HSPG-dependent
Up to now, we have shown that NOS activity could be affected by gravity alteration and glycocalyx disruption. To further detect the underlying mechanism of NOS activity regulation, we measured the mRNA levels of the three NOS isoforms, namely, NOSI, NOSII, and NOSIII. Evidence from Fig. 5 indicates that 24 h altered gravitational stimulation significantly downregulated the mRNA level of NOSI and NOSIII while insignificantly affecting the NOSII mRNA expression. However, after Hep.III and sodium chlorate treatment, the mRNA expressions of all three NOS isoforms   FIG. 4 . Nitric oxide synthase (NOS) activity of RASMCs exposed to 1g or MG for 6, 12, and 24 h. (A) 24 h MG exposure activates NOS significantly. (B) Hep.III + NaClO 3 treatment attenuates MG-induced NOS activation. MG, altered gravitational stimulation. *P < 0.05 vs. 1g group (two-tailed t test, n = 3). Data were normalized to the 1g group without treatment at 6 h. under both 1g and altered gravitational conditions showed no significant differences. We also quantified NOSI and NOSII protein levels by Western blotting. Figure 6 shows that 24 h altered gravitational stimulation can downregulate the NOSI protein expression significantly while upregulating the NOSII expression slightly. After Hep.III and sodium chlorate treatment, the expressions of both NOSI and NOSII under altered gravitational conditions showed the same level as the 1g group, suggesting that HSPG may play a pivotal role in the sensing of gravity changes to regulate constitutive NOS mRNA and protein expression.
The downregulation of F-actin expression by altered gravitational stimulation depends on HSPG
As shown in Fig. 7 , 96 h altered gravitational stimulation reduced the total amount of F-actin of the cells to 61.38% of the 1g group. More interestingly, after Hep.III and sodium chlorate treatment, the F-actin levels of both the 1g and the altered gravity groups showed no significant differences. This suggests that HSPG may be an important gravity sensor that mediates F-actin downregulation under conditions of altered gravity.
Discussion
In this study, we used a roller culture apparatus to achieve altered gravitational conditions for SMCs. This 2-D clinostat method can null the gravity vector by continuous averaging and mimic the near-zero gravity force encountered in spaceflight (Cogoli and Cogoli-Greuter, 1997) . This method has been widely used as an effective ground-based tool to test the effects of microgravity on mammalian cell physiology (Sarkar et al., 2000; Kacena et al., 2002) . During rotation, however, other forces, especially shear stress, turbulence, or hydrostatic pressure, may be important factors that affect our results (Herranz et al., 2013) . We cannot eliminate the above-mentioned factors completely. However, we filled each flask with culture medium to eliminate air bubbles, thus diminishing the turbulence and shear forces during rotation. As computed by other researchers, the shear level produced in this manner is less than 1 dyn/cm showing no significant differences under 1g or MG conditions after Hep.III + NaClO 3 treatment. MG, altered gravitational stimulation; NaClO 3 , sodium chlorate. *P < 0.05 vs. 1g group (twotailed t test, n = 3-6).
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( Goodwin et al., 1993) , which may be insufficient to trigger responses of SMCs. Furthermore, the effect of the hydrostatic pressure may be neglected because the cells are placed very close to the rotation axis (Albrecht-Buehler, 1992) . Therefore, the altered gravitational stimulation may be the most likely factor to induce the observed variation in physiological responses of SMCs. The net steady-stage glycocalyx dimension is determined by two main factors: the local synthesis and the disruption of its constituents. Previous studies have demonstrated that the highly negative-charged glycocalyx can be disrupted by some atherogenic stimuli, like oxygen-derived free radicals (Vink and Duling, 1996) and oxidized low-density lipoproteins (Vink et al., 2000) , which results in elevated capillary tube hematocrit (Constantinescu et al., 2001 ) and immobilization of leukocytes and platelets at the endothelial surface (Vink et al., 2000; Constantinescu et al., 2003) .
More recently, van den Berg et al. (2009) uncovered that a high-fat diet could impair the composition and dimension of the endothelial glycocalyx, leading to a 2-to 3-fold increase of low-density lipoprotein transendothelial leakage (van den Berg et al., 2009) . Additionally, biomechanical factors like fluid shear stress were reported to stimulate hyaluronan synthesis and protect the blood vessel against pro-inflammatory and pro-atherosclerotic stimuli (Gouverneur et al., 2006) . In the present study, our results indicate that gravity alteration may be another biomechanical factor modulating the content of the SMC glycocalyx. The decreased content of HSPG in the altered gravity group may be from the result of a reduction in the synthesis of the glypican-1 core protein and a simultaneous increase in the synthesis of the endogenous heparanase, which disrupted the synthesisdisruption balance and cut down the net steady-stage glycocalyx of the RASMCs. MG, altered gravitational stimulation; NaClO 3 , sodium chlorate. *P < 0.05 vs. 1g group without treatment (two-tailed t test, n = 3). Data were normalized to the 1g group without treatment.
In the present study, we hypothesized that the glycocalyx might also be involved in gravity sensing due to its close association with the cytoskeleton and caveolae constituents. To elucidate the gravity-sensing role of the SMC glycocalyx, sodium chlorate was employed to inhibit glycocalyx biosynthesis. It has been established that sodium chlorate can competitively bind to the active site of the 3¢-phosphoadenosine-5¢-phosphosulfate synthase and inhibit the formation of 3¢-phosphoadenosine-5¢-phosphosulfate, the most important sulfate donor, thereby affecting the sulfation events of the glycocalyx in the Golgi (Safaiyan et al., 1999) . Results from our previous studies (Kang et al., 2011) demonstrate that Hep.III pretreatment causes a 39.67 -1.3% reduction in fluorescence intensity (or HSPG content) relative to the untreated controls. Moreover, 6 h after Hep.III treatment, cell surface HSPG regrew by 23.78 -0.9% relative to the fresh Hep.III exposure cells (Kang et al., 2011) . Data obtained in the present study indicate that Hep.III treatment followed by 2-day sodium chlorate exposure can keep the HSPG fluorescence intensity at a 48.34 -5.70% reduction relative to the untreated controls, which clearly demonstrates the effectiveness of sodium chlorate treatment on HS-biosynthesis inhibition. Nevertheless, it should be mentioned that, although sodium chlorate treatment has been widely used to define the biological functions of sulfated GAG chains in biological systems, long-time ( > 24 h) exposure of cells to 30 mM sodium chlorate may inevitably interfere with the growth of RASMCs (Humphries and Silbert, 1988) . However, because the same sodium chlorate treatment had been applied to both the control and the experimental groups, the results obtained in the present study should remain valid.
To date, three major isoforms of NOS have been identified in VSMCs, which modulate the vascular tone in an endothelium-independent manner (Buchwalow et al., 2002) . One subtype is the inducible NOS (NOSII), which is isolated originally from macrophages and activated in a Ca 2 + -independent way. The other two isoforms (NOSI and NOSIII) are constitutively expressed and Ca 2 + -dependent. Our observation that 24 h altered gravitational stimulation significantly enhanced NOS activity might be the result of multiple regulative mechanisms. Among these, the modulation of NOS mRNA and protein expressions can be excluded because, in our experiments, the mRNA and protein levels of NOS (NOSI and NOSIII) were not increased but declined significantly after 24 h altered gravity exposure. Therefore, a posttranslational regulation mechanism (Fleming and Busse, 2003) or the enzyme association with some regulative proteins at the catalytic sites (Spisni et al., 2006) may be more likely to happen. More experiments are required to elucidate the precise mechanism of NOS activation induced by gravity alteration.
Previous studies have established the mechanosensing role of the glycocalyx on cardiovascular cells (EC and SMC) in shear stress-induced NO production (Florian et al., 2003) , cell cytoskeleton reorganization (Thi et al., 2004) , and cell contraction responses (Ainslie et al., 2005) . Nevertheless, its potential mechanosensing role in other mechanical stimuli has never been reported. Data from the present study suggests that the glycocalyx may also be a pivotal gravity sensor in the sensing of gravity changes at the single cellular level.
With regard to the transduction mechanism, one possible mechanism could be that gravity alteration induces syndecan displacement, which results in F-actin reorganization that, in turn, regulates L-arginine transport and affects NO production, as reported by Zharikov et al. (2001) . In addition, the mechanical stimuli can be decentralized to different cell regions via syndecans (the primary common proteoglycan core proteins), particularly to the cell junctions (Davies, 1995) . Moreover, glypicans (the second most common proteoglycan core proteins) reside in caveolae, coexisted with inactive NOS, G-proteins, receptor and nonreceptor tyrosine kinases, Ca 2 + and Na + -K + ATPase pumps, PKC isoforms, the L-arginine recycling enzymes and its transporter, and a number of other NOS-interacting proteins (Tarbell and Pahakis, 2006) . Therefore, simply by their location, any modulation of glypicans induced by gravity alteration could be involved in the downstream NOS activity regulation.
FIG. 7. (A)
Western blotting analysis of F-actin after 4 days 1g or MG exposure. (B) 4 days MG exposure reduced the amount of F-actin to the level of approximately 70% of the 1g group, while after Hep.III + NaClO 3 treatment, the expression of F-actin showed no significant differences between the MG and the 1g groups. F-actin, filamentous actin; MG, altered gravitational stimulation; NaClO 3 , sodium chlorate. *P < 0.05 vs. 1g group without treatment (two-tailed t test, n = 3). Data were normalized to the 1g group without treatment.
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Conclusion
In conclusion, the exposure of the cultured RASMCs to altered gravitational conditions led to a reduction in cell surface HSPG content and the activation of NOS. It also downregulated the expression of glypican-1, constitutive NOS (NOSI and NOSIII), and F-actin. On the other hand, Hep.III followed by sodium chlorate treatment of HSPG attenuated the modulation of NOS and F-actin under altered gravitational conditions. All these findings suggest that HSPG or the whole glycocalyx may be an important sensor of gravitational changes that plays important roles in the regulation of NOS activation, F-actin modulation, and HSPG remodeling in VSMCs.
